I. INTRODUCTION

P
ROJECT requirements for total neutron flux measurements in the International Experimental Thermonuclear Reactor (ITER) are from 10 14 to 10 21 n/s with 1 ms of time resolution and 10% of uncertainty. The enhanced neutron diagnostic system is under development and includes neutron flux monitors (NFMs), multichannel collimators, and activation system. Several NFM systems, such as micro-fission chambers (FCs) [1] , and in-vessel and out-vessel NFMs [2] , [3] , are planned for installation on ITER. All flux monitors are in the form of FCs. One of the NFMs is placed in the ITER vacuum vessel under the divertor Dom. This NFM is called divertor NFM (DNFM). The expected neutron flux at the DNFM FC location is in the range from 10 6 to 10 13 n · cm −2 · s −1 . The necessity of absolute in-situ calibration is a real challenge for ITER neutron diagnostic [4] . The calibration requirement extends DNFM operational range up to 10 orders of magnitude. To realize these goals, it is necessary to use a wide-range data acquisition system in combination with a set of FCs with different sensitivities. MEPhI has diverse experience since 1980 in the development and implementation of various types of wide-range NFM equipment for nuclear reactors instrumentation and control. The development of circuitry of the DNFM wide-range signal acquisition system is based on this experience. The real-time FC signal processing is a mainstream in the modern design of acquisition system. The design target is NFM by a single FC in the range of 10 orders to meet ITER Project requirements. In this case, the acquisition system shall operate at pulse counting, Campbelling (mean square value or fluctuation), and current modes simultaneously.
The following features should be taken into account in the design of wide-range NFM equipment.
1) The current mode is severely limited due to the induced current in the FC signals after irradiation by nominal neutron flux [5] .
2) The linear amplifier with a low-noise differential input in the combination with twisted cables provides reliable registration of the FC pulses. 3) Linear amplifier input impedance matching with cables impedance will make possibility to use front-end electronic with the cable length up to 120 m. 4) Operating the pulse counting, Campbelling, and current modes simultaneously at the range of the FC neutron current from 1 × 10 −8 to 1 × 10 −5 A could be used to "tie" the pulse response and the nominal neutron flux as well to check the electronic equipment and FC inoperability. The work on the DNFM detector unit (DU) mockup testing was divided into two stages. The first stage of the work is related to the testing of the DU mockup by the influence of low and intense fluxes of neutron and gamma radiation and technical decisions estimating of the NFM channel. The second stage of the work is related to determining the parameters of measuring chains of NFM channel.
II. TEST COMPLEX
The test complex includes the remote thermoassembly (TA), and the control and signal processing equipment. Fig. 1 shows the block diagram of the test complex.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. During testing of the DU at temperatures up to 350°C, it was mounted into the TA. The TA consists of an electrical heater (EH) and temperature sensor [K-type thermocouple (TC)]. The TA was used to heat the DU and monitor its temperature. The resistance temperature detector (RTD) located in the control and signal processing equipment cabinet was used to compensate for the cold junction temperature.
The control and signal processing equipment consists of heater power supply (PS), DU signal processing unit (SPU), an industrial personal computer (IPC), and an automatic test unit (ATU). The IPC is connected to the SPU and ATU via RS-485-USB interface adapter. The FC SPU [6] based on microprocessors and complex programmable logic devices (CPLDs) was used. Taking into account the ITER neutron diagnostics requirements and the DU testing conditions, the SPU circuitry was adjusted, and the software of microprocessors and CPLDs were improved to control the DU temperature. The SPU provides receiving, amplification, and digital processing of the pulsed-current signal from the DU and signals from the temperature sensors and transmission by the serial digital code of measuring and diagnostic information to the IPC. Also, the SPU controls the PS of the EH by commands from the IPC. IPC provides recording of signals and control of the SPU operation modes. ATU provides recording the shape of pulses and the pulse-height spectrum of FC signals [7] , [8] .
The measurement methods and IPC software were developed for carrying out laboratory and reactor tests of the equipment. This software provides setting adjustments, receiving, processing, archiving of the SPU data, and controlling of the thermal assembly heater. Numerical and graphical real-time data are available for all signals and parameters (measured and calculated) and indicated on the display.
III. SIGNAL PROCESSING UNIT
The SPU has a modular architecture and allows one to select the necessary modules for different tasks. The SPU for The SPU provides the DU FC bias and the threshold voltage for the FC signal analog processing module which is controlled by the IPC commands. The FC bias has the range from 0 to 500 V, and the threshold voltage has the range from 0 to 4 V (corresponding to pulse charge up to about 5 × 10 −13 C).
The FC analog processing module is the main processing module of the SPU. Fig. 2 shows the structure of this module, which consists of three measuring chains: pulse, fluctuation, and current. The module provides the amplification and preliminary conversion of the FC signals (splitting them into pulse, fluctuation, and average currents), current pulses transformation to the fixed form voltage pulses, discrimination, and calculation of the counting rate, logarithmic transformation, and prefiltering of the average and fluctuation currents.
The DU FC signal is fed to the inputs of the FC analog processing module and transferred to a differential chargesensitive preamplifier. The preamplifier's output signal is divided into two independent chains: a pulse and a fluctuation. The pulse chain contains a pulse differentiation amplifier and a comparator to detect the pulses above of the threshold voltage. The fluctuation chain contains a bandpass filter and a true root-mean-square (rms) meter. The FC analog processing module also contains a logarithmic average current amplifier. Thus, the output data of the FC analog processing module are the voltage signals which are proportional to the rms of the fluctuation current and the logarithm of the average current, and the parallel code of the pulse count rate. This data are read out by the control module via the SPU system bus.
The thermosensors signal converter module is used for temperature control and consists of eight galvanic separated measuring channels for connecting TC and RTD of various types. This module converts the signals from TC and RTD to the digital code and transmits them to the control module.
All analog and digital signals of the FC analog processing module and thermosensors signal converter module are processed by the control module. The control module software and hardware implement conversion to digital codes and signals normalization of the current and the fluctuation chains, digital data receiving, calculation of the total pulse chain count rate, and data exchange with the IPC.
Voltage signals from the FC analog processing module including the signals proportional to the FC bias voltage and the threshold voltage are fed to the digitizer. Data processing is performed by a specialized digital signal processor. Firmware and algorithms for data processing are stored by a special read-only memory. The reprogrammable flash memory is used to store the parameters of the SPU measuring channels. The control module generates the threshold voltage for the FC analog processing module, and the FC bias PS controls voltage by a two-channel digital to analog converter. The galvanic isolated universal asynchronous transceivers provide the data exchange of the SPU and the IPC via the RS-485 serial communication port.
IV. REACTORS EXPERIMENTAL RESULTS
The experiments to determine the characteristics of the DNFM DU mockup and the wide-range channel of the NFM were performed at the IRT MEPhI and VVR-c research reactors. The DU mockup was tested at DU temperature range from 20°C to 350°C and the neutron flux range from 10 3 to 10 12 n · cm −2 · s −1 .
The tests of the DU mockup based on KNT 25 FC were performed at the first stage at the IRT MEPhI (using a plutonium-beryllium source of neutrons) and VVR-c reactors. This FC has a parallel-plate structure of electrodes. The mass of a 235 U in the chamber is near 1 g, and the electrodes coating density is 1 mg/cm 2 . The signal output from TA was provided by a twisted pair of 3-m coaxial cables with fiberglass insulation. The FC with these cables was placed in a sealed enclosure filled by an inert gases mixture under pressure of up to 5 × 10 5 Pa.
By using neutron source, the average charge and the duration of the "fast" component of pulses caused by neutrons were measured. Also, the dependence of these parameters from the DU temperature was studied. As the result of these tests, the measured average charge of the pulse was 1.4 × 10 −13 C at temperature of 25°C and increased with heating up to 1.5×10 −13 C at the temperature of 350°C. The pulse duration was 215 ns and did not depend on the temperature.
At the VVR-c reactor, all tests were carried out using the out-of-core vertical experimental channel with a neutron flux more than 10 12 n · cm −2 · s −1 . During these tests, the discrimination and voltage-count curves and the voltage-current curve plateau slope at the FC maximum current and DU temperatures from 20°C to 350°C were determined. The DU self-heating temperature during irradiation by the field of reactor radiation at the neutron flux up to 1× 10 12 n · cm −2 · s −1 was measured. The impact irradiation on DU parameters was investigated. The DU current during power reduction after irradiation up to The reactor power monitoring range under conditions of a significant gamma background before and after irradiation was determined. Fig. 3 shows the SPU signal change diagrams during the startup and reactor power increase without heating. The reactor power was increased step by step for four decades with stops and holdings for several minutes on each decade step. In this case pulse, fluctuation and current chains operated at the same time. The initial value of the FC current is determined by the gamma radiation at the DU location. Although the gamma sensitivity was quite high, one can observe the correlation between the equivalent currents of these chains.
The plateau slope at the FC current of about 0.5 mA was approximately 0.05%/V before irradiation and about 0.06%/V after irradiation at a temperature of 35°C. When DU was heated up to 307°C the plateau slope has decreased by 20% in both cases. The operation range of the current mode at the reactor power increase was 1.5 decades and after irradiation at the reactor shutdown fell down to less than 1 decade due to background increase. Fig. 4 shows the diagram of the DU self-heating process when it was irradiated by the reactor radiation field at a maximum reactor power (neutron flux ∼1 × 10 12 n · cm −2 · s −1 ) without external heating. Preliminary calculations showed that with such an amount of 235 U and with such a neutron flux, a heat of up to 1 kW will be released in the chamber volume. The steady-state temperature by self-heating as a result of FC energy release was about 225°C. Thus, the study showed that highly sensitive FCs with such a quantity of 235 U is undesirable to use at high neutron flux values since they can fail due to overheating.
These tests confirmed the ability to control the change of the reactor power using the SPU fluctuation chains before and after irradiation of 4.2 × 10 15 n · cm −2 in the range of four decades with the FC background current up to 1 × 10 −4 A.
The tests of the DU FC KNT-30 with a 100-mg 235 U radiator were performed at the second stage at the VVR-c reactor. The mockup has a similar design as at the first stage, and the difference is only in the amount of 235 U. During the tests, the reactor power was increased step by step for 6 decades with stops and holdings for several minutes on the fourth "power shelves" within each decade.
Based on the results of the first stage experiments, it was decided to make changes to the pulse chain. The slow differentiation amplifier was replaced by a high-speed linear amplifier. This and the linearization of the pulse method made it possible to increase the sensitive range of this chain up to more than 1 × 10 6 s −1 .
The measuring chains' signals at the constant power levels (P) are shown in Fig. 5 . Each chain signal values were converted into an equivalent count rate (F) using individual normalizing coefficients. These normalizing coefficients were determined during preliminary laboratory tests of equipment using a FC simulator [9] with the KNT-30 model and were clarified during the reactor tests. Then, during the processing of data, the contribution of gamma radiation to the signal of the current chain was taken into account too. As a result of the measurement data processing, the measuring chains operating ranges in terms of the equivalent count rate were defined as: up to 1 × 10 6 s −1 for the pulse chain, from 4 × 10 5 up to 4 × 10 9 s −1 for the fluctuation chain, and from 2 × 10 8 up to 1 × 10 10 s −1 for the current chain.
The lower boundaries of the operating ranges of the fluctuation and current chains should be reduced by taking into account their background signals. The inflection point of the pulse mode curve is obtained due to the pulse pileup and the exit of the pulse chain above the upper limit of the operating range. Integral nonlinearity at the operating ranges of all measuring chains does not exceed ±2%.
Meeting the requirements of the 1-ms measurement cycle leads to a significant increase of statistical noise in measurements results of pulse and fluctuation chains. One can estimate its contribution to the statistical error at different power levels and refine the measurement chains' ranges boundaries using the ratio of the rms deviation (σ F ) to the average value of the signal (F) as a noise parameter. The diagrams of the measuring chains' signals relative statistical noise at the constant reactor power levels are shown in Fig. 6 .
Summarizing the obtained data, one can conclude that the lower limit of the pulse chain should be increased to 4 ×10 5 s −1 , and the lower limit of the fluctuation chain should be increased up to 2 × 10 6 s −1 to a relative statistical noise of less than 5%. This leads to the fact that with the use of one FC at the 1-ms measurement cycle, it is possible to measure the neutron flux at the range of less than 5 orders of magnitude.
V. CONCLUSION
As a result of this paper, the circuitry was developed, and the mockup of the wide-range NFM channel equipment of the DNFM was manufactured. The characteristics of the equipment mockup were investigated. The test complex was designed and manufactured, and the programs and methods to test measuring channels and DU were developed to perform the measurements at the research reactors. The DNFM DU mockup characteristics by the influence of the temperature and intense fluxes of the neutron and gamma radiations were studied.
The average charge of the FC pulse increases by approximately 10% when DU heating up to 350°C. The plateau slope of the FC voltage-current curve decreases by 20% when DU heating up to ∼300°C. Both these features should be taken into account while designing FC signal processing equipment.
Reactor test of the mockup demonstrated ability of neutron flux measurement using a single FC approximately in 5 orders of magnitude. To meet ITER requirements for total neutron flux measurements a set of at least three FCs with sensitivities reduced 10-fold has to be implemented.
